Abstract The use of fossil fuels now induces two major issues. First, fossil fuel burning is increasing atmospheric carbon dioxide (CO 2 ) concentrations and, in turn, global warming. Second, fossil fuel resources are limited and will thus decrease in the long run. As a potential solution, there is a need for ecological manufacturing processes that convert raw plant materials into chemical products. For instance, raw plants can be directly converted into hydroxymethylfurfural, which is a versatile intermediate for the synthesis of valuable biofuels such as dimethylfuran and 5-ethoxymethyl-2-furfural. This technology has two benefits for chemical sustainability. First, the pretreatment step is eliminated, thus contributing to reduction of CO 2 emissions. Second, plants are sustainable resources versus fossil fuels, which are limited. Here, we review current sustainable technologies for the production of biobased products and hydroxymethylfurfural from plants, using in particular ionic liquids. Plant sources include poplar, switchgrass, miscanthus, weed plants, and agave species.
Introduction
Depletion of fossil mass reserves and carbon dioxide (CO 2 ) emissions currently become critical agendas in chemical manufacturing industry because of their adverse effects on both global economy and climate change (Hoeven 2013) . In chemical manufacture, most of the industrial chemicals used today come from petroleum-based feedstocks that are derived from non-renewable fossil mass reserves. In the concept of carbon cycle, the manufacture of industrial chemicals is classified as a carbon source, which means the release of CO 2 into the atmosphere (Falkowski et al. 2000) . It is estimated that approximately 20 % of global total CO 2 emissions originates from manufacturing industry including chemical manufacture (Olivier et al. 2013) . Roughly more 30 % of CO 2 emitted from carbon sources is released into the atmosphere than out of the atmosphere. These emissions significantly contribute to global warming (Canadell et al. 2007) , and thus the chemical manufacture from petroleum-based feedstocks is considered as one of the major contributors to global climate change. Currently, new technologies to reduce CO 2 emissions and to sustainably produce renewable chemicals are swiftly developing in the field of industrial chemicals. Until now, many achievements center on the development of processing technology less harmful to the environment and human health. The main target of its development focuses on the use of biobased feedstocks such as plant biomass materials due to their environmental benefits in chemical manufacture (Dodds and Gross 2007; Christensen et al. 2008; Xu et al. 2008; Ahmed et al. 2012; Philp et al. 2013) . In particular, the direct use of raw plant feedstock is more ecoefficient in chemical manufacture than petroleum-based feedstock. Their direct use has two important benefits contributing to the environmental sustainability. One is that it is possible to mitigate CO 2 emissions generated in the synthesis process of target chemicals by eliminating the pretreatment step that is a purification step of the intermediates used as their feeding material (Fig. 1) . Another is that plant feedstock materials are renewable resources ( Fig. 1) , and thus the sustainable production of the target chemical compounds is feasible (Yi et al. 2012a (Yi et al. , b, c, 2014 . In addition, the use of inexpensive plant materials may be another benefit for the cost-effective production of target chemicals, depending on the source of plant materials (Binder and Raines 2009; Lee et al. 2011; Yi et al. 2011 Yi et al. , 2013a Azapagic 2014) . Recently, to improve the yields of target chemical products from plant biomass materials, some bioengineering technologies have been introduced to minimize the biomass recalcitrance, which is the property of plant cell walls resistant to their deconstruction and leads to the high cost of their direct conversion to chemical products (Himmel et al. 2007 ). The recent achievements of these technologies based on the integrated knowledge of plant gene-based technology and carbohydrate biochemistry are also added to this review to provide advanced information on sustainable production of industrial chemicals including bioenergy.
All the plant species on earth can be the paramount biofeedstock resources for production of sugar-based chemicals because the major structural composition of plants is mostly comprised of carbohydrate materials such as cellulose, starch, and other polysaccharides, which are depolymerizable into C-6/C-5 sugar monomers and other sugar oligomers such as sucrose and maltose. It is possible to convert the depolymerized sugar materials into versatile platform chemicals and other value-added compounds including liquid biofuel through various chemical reaction processes (Lichtenthaler and Peters 2004; Corma et al. 2007; Román-Leshkov et al. 2007; Lichtenthaler 2012) . Currently, it is estimated that plant-based feedstocks are responsible for only 5 % of the global chemical products (Xu et al. 2008; Ahmed et al. 2012 ), but their potential usefulness is high in the future chemical industry mainly due to the impacts on both the global energy economy and the environment. The most common sugar species that are now used as the source of sugar materials for production of sugar-based chemical products are glucose, fructose, and sucrose, which are all derived from plant-based feedstocks (Corma et al. 2007; Xu et al. 2008; Feng et al. 2010; Lichtenthaler 2012) . A wide spectrum of valuable chemicals with different functionality including industrially important platform intermediates can be synthesized from those sugar species. All the platform intermediates synthesized from the sugar species can be further converted to a variety of commodity and specialty chemicals including pharmaceuticals and biofuels (Jong et al. 2009; Burk 2010; Bozell and Petersen 2010) (Table 1 ). As such, sugar-based chemical products can be widely utilized in the chemical manufacturing industry as renewable green chemicals that can replace petrochemicals (Holm et al. 2010; Erickson et al. 2012; Dusselier et al. 2013) . For example, hydroxymethylfurfural, a platform intermediate, which is produced from C-6 sugars by dehydration reaction , can be catalytically converted to dimethylfuran and 5-ethoxymethyl-2-furfural, which can be used as a substitute for gasoline (Román-Leshkov et al. 2007; Zhong et al. 2010; Alam et al. 2012) .
In this review, we provide current knowledge on ecofriendly technologies of producing hydroxymethylfurfural in ionic liquid solvents using raw plant feedstocks. In addition, this review represents a new research paradigm shift toward industrial manufacturing of hydroxymethylfurfural from raw plant feedstocks by introducing bioengineering technology for overcoming their recalcitrance to thermochemical and/or biological conversion processes and for improving carbohydrate quantity and quality of the target Fig. 1 Plant reproduction and biomass conversion processes in the synthesis of chemical compounds. All plant resources can be the sustainable feedstock for biobased chemical production because they are definitely reproducible in their lifecycle. Their direct use in the synthetic processing of biobased products can be conducible to the mitigation of CO 2 feedstocks, which is conducible to cost-efficient production of hydroxymethylfurfural.
Conversion of raw plant feedstocks into hydroxymethylfurfural using ionic liquids
Hydroxymethylfurfural and its application to biofuel production Hydroxymethylfurfural, which is a sugar dehydration product and can be used as a valuable starting feed substrate in various chemical manufacturing industries such as agrochemical, pharmaceutical, food chemical, polymer, and energy industries, is a low-melting organic compound with two functional groups, an aromatic aldehyde and a primary aromatic alcohol (Putten et al. 2013; Dashtban et al. 2014; Yi et al. 2014) (Fig. 2) . Due to the presence of these two reactive functional groups, hydroxymethylfurfural can be easily transformed into its derivative compounds including such biofuels as dimethylfuran and ethoxymethylfurfural ( Fig. 2) that have high potential for use as a liquid automotive fuel or fuel additive (Román-Leshkov et al. 2007; Zhong et al. 2010; Simmie and Würmel 2013) . Since the works of Román-Leshkov et al. (2006) and Zhao et al. (2007) , a large number of studies on hydroxymethylfurfural have been published. A recent comprehensive review (Putten et al. 2013 ) provides the updated achievements on hydroxymethylfurfural information involved in its synthesis, its synthetic pathways, its economic analysis, and its industrial and commercial applications. Some other brief reviews (Dashtban et al. 2014; Yi et al. 2014 ) describe the recent technology advancements focusing on its sustainable production systems of hydroxymethylfurfural from plant resources using biorefinery technologies for its ecoeffective production. It is well known that hydroxymethylfurfural naturally occurs in the course of food manufacturing process by thermal application (Dashtban et al. 2014; Yi et al. 2014) . Hydroxymethylfurfural level in food varies with food sources and is often used as an Bozell and Petersen (2010) , Burk (2010 ), Feng et al. (2010 , Holm et al. (2010) , Erickson et al. (2012) , Lichtenthaler (2012) , Dusselier et al. (2013) Environ Chem Lett (2015) 13:173-190 175 indicator determining the degree of food-quality change . It is also recognized that hydroxymethylfurfural may act as an effector beneficial to human health. For example, some researchers have demonstrated that the optimal levels of hydroxymethylfurfural promote human blood circulation and increase antioxidant activity (Li et al. 2009; Ding et al. 2010) . Other investigators showed possibility that hydroxymethylfurfural can be developed as new types of anti-sickling agents with no undesirable consequences by identifying its specific binding property to intracellular sickle hemoglobin (Abdulmalik et al. 2005; Dashtban et al. 2014) . On the contrary to these positive effects, some negative effects have been reported in animal and microbial tests by some researchers (Capuano and Fogliano 2011; Bauer-Marinovic et al. 2012; Monien et al. 2012) . These authors have examined that hydroxymethylfurfural may cause putative mutagenicity, carcinogenicity, and cytotoxicity in humans by performing toxicity tests in mammalian cells and certain microbial cells. On the basis of their studies and other available literatures, the negative effects of hydroxymethylfurfural on human health are a potential problem to its industrial application. However, some other workers have reported that hydroxymethylfurfural is not mutagenic, nor genotoxic . These controversial issues remain precisely addressed through more intensive investigations. The industrial application of hydroxymethylfurfural is immense in chemical manufacturing sectors including bioenergy. In particular, because replacing petroleum-based energy by bioenergy derived from plant-based materials is currently a matter of great importance in the light of the environmental concern and energy supply, the development of biobased fuels is inevitable. At present, cellulosic bioethanol is commercially produced from cellulosic sources (Peplow 2014) , but it has such some bottlenecks unfavorable to the automotive fuel as relatively high volatility, high water miscibility, and low energy density (Table 2) . Some recent technology developments have showed that two other promising alternative liquid biofuel candidates, dimethylfuran and 5-ethoxymethyl-2-furfural, can be synthesized from hydroxymethylfurfural intermediate synthesized by the dehydration reaction of C-6 sugars or other carbohydrate sources (Román-Leshkov et al. 2007; Mascal and Nikitin 2008; Thananatthanachon and Rauchfuss 2010; Alam et al. 2012; Dutta et al. 2012; Lew et al. 2012; Wang et al. 2013; Liu et al. 2013; (Fig. 2) . Since these alternative fuels have the physicochemical properties more favorable to automotive fuel compared with bioethanol (Table 2) , it is anticipated that they can be the excellent next-generation fuels that can substitute for gasoline. Alam et al. (2012) has developed a processing technology to synthesize 5-ethoxymethyl-2-furfural from hydroxymethylfurfural and raw carbohydrate-rich weed species using homogeneous and heterogeneous catalysts under mild reaction conditions. Other research group (Román-Leshkov et al. 2007 ) has reported a biphasic reactor system to produce dimethylfuran with superior fuel qualities from hydroxymethylfurfural that is synthesized from C-6 sugars such as fructose and glucose. As such, hydroxymethylfurfural is a highly valuable platform chemical functioning as an essential intermediate in the synthesis processes of 5-ethoxymethyl-2-furfural and dimethylfuran including other commodity chemicals Putten et al. 2013; Yi et al. 2014 ). In particular, dimethylfuran has not only the physicochemical properties comparable with those of gasoline, but also is chemically stable and water insoluble. Moreover, dimethylfuran seems to be more contributive to sustainable energy supply and environment protection than gasoline, being indicative of green biofuel (Zhong et al. 2010; Simmie and Würmel 2013) . According to the techno-economic analysis of hydroxymethylfurfural and dimethylfuran by Kazi et al. (2011) , the minimum selling prices of hydroxymethylfurfural and dimethylfuran were estimated as $5.03 and $7.63 per gallon, respectively, based on the synthetic process reported by Román-Leshkov et al. (2007) . Their studies also indicated that the most These properties are the important parameters in determining fuel quality Data drawn from ref. Zhong et al. (2010) , Adebayo et al. (2011 , Yi et al. (2014) DMF dimtethylfuran and EMF ethoxymethylfurfural, FA fatty acid significant parameters for the cost-effective production of hydroxymethylfurfural and dimethylfuran are feedstock availability and its price, product yields, catalyst cost, and production facility cost. In addition, another important consideration is the uncertainties in cost of downstream separation and purification processes (Kazi et al. 2011 ). However, although hydroxymethylfurfural and hydroxymethylfurfural-based biofuels are evaluated as the invaluable biobased chemical products, their mass production systems are still in their infancy and remain yet technology driven.
Ionic liquids and its industrial application
Ionic liquids, which was first reported in 1888, are highly polar salt compounds consisting of two moieties of organic cations and inorganic anions and have relatively low melting temperatures (\100°C) (Ghandi 2014) . Because ionic liquids have the unique capability that can tune such physicochemical properties as density, hydrophobicity/hydrophilicity, conductivity, acidity/basicity, viscosity, hydrogen-bonding, they currently receive considerable attention in their use as efficient organic solvents broadly applicable to versatile chemical reaction processes (Stark 2011) . Until now, [300 species of ionic liquids have been introduced, and their industrial challenges are now burgeoning into diverse chemical manufacturing sectors (Olivier-Bourbigou et al. 2010; Zhang 2013; Ghandi 2014) . The species of ionic liquids is generally categorized on the basis of the two core moieties, the cations with various alkyl substituents and/or functional groups and the anions. The most general cation moieties are: imidazolium, pyridinium, pyrrolidinium, phosphonium, ammonium, and sulfonium, and the anion moieties are: alkylsulfate, tosylate, methanesulfonate, bis(trifluoromethylsulfonyl)imide, halides, hexafluorophosphate, and tetrafluoroborate (Olivier-Bourbigou et al. 2010; Tadesse and Luque 2011; Yi et al. 2014) (Fig. 3) . The tunable physicochemical properties of ionic liquids remarkably contribute to the diversification of solvent functionality and thus make it possible to dissolve the recalcitrant materials such as carbohydrate compounds with complex supramolecular weights (lignocellulosic polymers), corn stove, pine wood, straw, switchgrass, and other raw plant feedstocks (OlivierBourbigou et al. 2010; Stark 2011; Tadesse and Luque 2011) . As solvent, ionic liquids have such some functionalities superior to conventional organic solvents as; negligible vapor pressure, non-volatility, non-flammability, and high thermal stability (Olivier-Bourbigou et al. 2010; Stark 2011) . On the basis of such physicochemical properties of ionic liquids as low vapor pressure, non-flammability, and tunable solvation state, which are indicative of being less harmful to the environment and human communities, they have been recognized as greener solvents in comparison with the conventional organic solvents (Olivier-Bourbigou et al. 2010; Petkovic et al. 2011) . In addition, the dual character of a cation and an anion present in ionic liquids contributes to facilitation of catalytic reactions in the conversion process of the reactants (Lee et al. 2010 ). As such, because ionic liquids have great potential as solvents and catalysts in chemical manufacturing industry, they are intensively being studied, and some suppliers have achieved ionic liquid technology to the industrial scale (Qureshi et al. 2014) . A number of investigations have shown feasibility of ionic liquids for their industrial applications because they have the superior characteristics in use as solvents and catalysts as mentioned above (Olivier-Bourbigou et al. 2010) . They can be used for the general chemical reactions such as organic synthesis, chemical analysis, separation processing, polymerization processing. For example, ionic liquids have great potential in eliminating the solvent vapor pollution caused by polymerization processing because they have the near-zero vapor pressures (Olivier-Bourbigou et al. 2010; Stark 2011; Qureshi et al. 2014) . In biocatalytic or enzymatic reaction processes, they can also be used as reaction media with respect to water (María 2008; Moniruzzaman et al. 2010; Quijano et al.2010 ). Currently, imidazolium-based ionic liquids (Fig. 3) have been most investigated for some enzymes such as lipases, esterases, and dehydrogenases to improve their reaction activity, stability, and selectivity, but their high viscosity may be problematic for the catalytic action of the enzymes. Although the viable application of ionic liquids in biocatalysis is yet in infancy, their potential is still high in biorefinery and biotransformation (María 2008; Quijano et al. 2010) . Another promising application area of ionic liquids lies in their uses for dissolution and depolymerization of the recalcitrant carbohydrates and biomaterials such as cellulosics, hemicellulosics, lignin, corn stover, straw, and pine wood. The processing steps of dissolution and depolymerization are critical in biobased conversion reactions because the reactions begin with these processes to fragment or weaken the linkages among their particles or components for their easier degradation in the reaction solvents (Tadesse and Luque 2011) . It is known that dual characters (anion and cation) present ionic liquids may play an important role in dissolving the recalcitrant biomaterials by forming an electron donor-electron acceptor complex created by interaction of the characters with the hydroxyl groups of cellulose. As a result, the hydrogen bonds present in the complex are broken and the chains are separated, finally leading to cellulose dissolution (Stark 2011; Tadesse and Luque 2011) . Even though ionic liquids have the environmental benefits and are more favorable in solvent systems compared with conventional dissolution processes, their high cost is a major bottleneck to their process commercialization. For reduction of their costs, some technology developments such as recycling of the used ionic liquids and their recovery systems may be required (Olivier-Bourbigou et al. 2010; Tadesse and Luque 2011) .
Hydroxymethylfurfural production from raw plant feedstocks and its conversion into bioenergy
Many achievements on hydroxymethylfurfural synthesis have been reported from sugar-based materials using ionic liquids (Putten et al. 2013) . Most used carbohydrate sources include simple sugars, di-, and polysaccharides such as fructose, glucose, sucrose, cellulose, and starch (Zhao et al. 2007; Chun et al. 2010b; Rosatella et al. 2011; Ståhlberg et al. 2011; Putten et al. 2013) . However, there are limited literatures on the synthesis of hydroxymethylfurfural from raw plant feedstocks. As before-mentioned, some raw plant feedstocks have been demonstrated as raw feed substrates for the synthesis of hydroxymethylfurfural. In general terms, the yields of hydroxymethylfurfural from raw feed substrates are lower compared with those from the purified materials (Rosatella et al. 2011; Ståhlberg et al. 2011; Yi et al. 2014) . For example, the yields of hydroxymethylfurfural from purified starch are between 55 and 73 %, whereas its yields from raw starch plant sources are between 35 and 54 % . Nonetheless, the direct use of raw plant feedstocks could be more favorable due to environmental and economical benefits (Ahmed et al. 2012) . Until now, some raw plant materials have been introduced as the feed substrates for the synthesis of hydroxymethylfurfural (Table 3 ). As indicated in Table 3 , three types of plant sources: cellulose-based, starch-based, and inulinbased plant feedstocks have been investigated in the synthetic processes of hydroxymethylfurfural. Although the cellulose-based plant sources such as weeds, pine wood, poplar, and agricultural by-products (Kawamoto et al. 2007; Amiri et al. 2010; Zhang and Zhao 2010; Wang et al. 2011; Alam et al. 2012; Yang et al. 2012; Yah et al. 2014) are the most promising candidates as raw plant feedstocks for the synthesis of hydroxymethylfurfural due mainly to their abundance, the yields of hydroxymethylfurfural from them are relatively lower (Table 3) , and its synthetic processes are more complex compared with other two types of plant sources (inulin-based and starch-based plant sources). In view of hydroxymethylfurfural yield and its synthetic process, inulin-based plant sources such as girasol and chicory (Table 3 ) may be the most attractive plant feedstocks because they contain a substantial amount of inulin (60-75 %) that comprised of the linear chains of fructosyl units more easily convertible to hydroxymethylfurfural by simpler synthetic process. Yi et al. (2011; 2012b) obtained high yields (ca. 50-60 % by dry weight) of hydroxymethylfurfural from these two plant feedstocks by simple one-step processing (processed at 120°C for 1 h without metal catalysts) using an ionic liquid, 1-octyl-3-methylimidazolium chloride ([OMIM] ? Cl -) and Brønsted acid (HCl). In order to effectively produce hydroxymethylfurfural from raw plant feedstocks using ionic liquids, Lewis acidic metal catalysts such as chromium halides (CrCl 2 , CrCl 3 , CrF 3 , CrBr 2 , etc.), aluminum halides (AlCl 3 , AlBr 3 , etc.), and lithium halides (LiCl, LiBr, etc.) were used in most studies (Zhang and Zhao 2010; Yang et al. 2012; Putten et al. 2013; Yi et al. 2014) . Some investigators demonstrated that the addition of chromium halide catalysts such as CrCl 2 , CrCl 3 , CrF 3 , and LiCl to the reaction mixtures is effective for high yields of hydroxymethylfurfural from raw plant feedstocks, depending on their solvent type and feedstock species. For example, from raw tapioca roots, high yields of hydroxymethylfurfural (ca. 40-53 % by dry weight) were obtained in the reaction mixtures with ClCl 2 , CrCl 3 , CrBr 3 , and CrF 3 by undergoing the reactions at 120°C for 1.5 h (Yi et al. 2012a) . Of them, the addition of CrF 3 showed the highest hydroxymethylfurfural yield, suggesting that its catalytic activity in the synthesis process of hydroxymethylfurfural is higher than those of other catalysts used. Furthermore, because CrF 3 is inexpensive and relatively less harmful, it could be an excellent catalyst candidate for the synthesis of hydroxymethylfurfural from raw plant feedstocks (Yi et al. 2012a . Alam et al. (2012) developed the method to produce a biofuel, 5-ethoxymethyl-2-furfural (Fig. 2) , which may be used as a liquid automotive fuel. They produced 5-ethoxymethyl-2-furfural (40-45 %) from two raw weed feedstocks, foxtail and red nut sedge, by undergoing the reaction with 10 wt% [DMA] ? [CH 3 SO 3 ] -/DMA-LiCl and ethanol at 120°C for15 h (Alam et al. 2012) . They have also reported that 5-ethoxymethyl-2-furfural can be synthesized from hydroxymethylfurfural with high selectivity (ca. 90 %). Another promising alternative liquid biofuel, dimethylfuran (Fig. 2) , which has a higher energy density than ethanol (Table 2) , was produced from hydroxymethylfurfural that is synthesized from fructose and cellulose (Román-Leshkov et al. 2007; Mascal and Nikitin 2008; Thananatthanachon and Rauchfuss 2010) . However, to our knowledge, there has been no report yet on its direct production from raw plant feedstocks. In current, the lack of cost-effective isolation and purification system of hydroxymethylfurfural is the most critical bottleneck for large-scale production of hydroxymethylfurfural. Moreover, for the economical production of hydroxymethylfurfural from raw plant feedstocks, technology developments to recycle the spent ionic liquid solvents and catalysts are also needed. So far, two unsuccessful attempts for pilot plant of hydroxymethylfurfural production have been reported. Nonetheless, it is expected that the processing systems for its practical application will emerge because the versatile chemical functionality of hydroxymethylfurfural is invaluably useful in industrial chemistry in particular liquid fuel sector (Ståhlberg et al. 2011; Teong et al. 2014; Putten et al. 2013) . The future challenges for the eco-efficient and economical production Tanger et al. 2013 ). This technology requires some genetic engineering skills such as gene isolation and characterization, plant transformation system, and construction of transgene expression system (Fesenko and Edwards 2014; Yi et al. 2014) . Recently, an attractive bioengineering technology has been suggested to make the designer biomass feedstocks contributable to the optimization of their thermochemical conversion processing by modifying their structural and physicochemical properties (Tanger et al. 2013 ). This technology focuses on maximizing the efficiency of conversion reactions undergone through four processing steps: (1) deconstruction of the crude feedstocks into smaller particles by chopping/grinding, (2) dissolution of the prepared feed materials in solvents, (3) extraction of the dissolved feed materials and/or their depolymerization to sugars, and (4) dehydration process of the feed substrates into the final products such as hydroxymethylfurfural (Chheda et al. 2007) . It is well known that the reaction efficiency of the processing steps 2 and 3 is proportionally related to the yield of hydroxymethylfurfural, indicating that those steps may be its yield-determining steps in the synthetic process of hydroxymethylfurfural from raw plant feedstocks (Chun et al. 2010a; Lee et al. 2011; Yi et al. 2011 Yi et al. , 2013c . These steps are directly involved in the release of sugar monomers, which are easily convertible to hydroxymethylfurfural, from the feed carbohydrate polymers such as cellulose, hemicellulose, lignin, and starch that are the major components of plant cell walls or plant storage organs. In case of lignocellulosic feedstocks, most of studies have focused on lignin because it acts as the key limiting polymer in genetically improving the reaction efficiency of the synthetic process of hydroxymethylfurfural presumably due to relatively higher degree of its recalcitrance, which is originated from the complex structural conformation and unique physicochemical properties of lignin polymer that are generally found in plant cell walls DeMartini et al. 2013; Ragauskas et al. 2014) . Based on the recalcitrance degree that can be determined by the ultrastructure, chemical composition, and crystallinity of the lignocellulosic polymers, the principal strategies may be targeted to the genetic modification involved in the metabolic pathways and physicochemical characteristics of lignin polymer to reduce its recalcitrance to deconstruction and depolymerization (Yoshida et al. 2008; Simmons et al. 2010; Agarwal et al. 2011; Vanholme et al. 2012) . Another important target is to improve the yield of the target components such as starch ). For these targets, two groups of plant genes may be bioengineered: one is the genes involved in the biosynthesis pathways of the target polymers contained in the plant tissues or organs and another is the genes involved in determining or controlling their physicochemical properties and structural conformation. For lowering the level of lignin recalcitrance in plant cell walls, bioengineering strategies such as reducing lignin content, modifying the relative ratios of three major lignin subunits (H unit, q-hydroxyphenyl; G unit, guaiacyl; and S unit, syringyl unit that are the main constituents of lignin) (Fig. 4) , and changing in the degree of lignin crystallinity may be applied (Barrière et al. 2007; Lu et al. 2010; Chapple 2010, 2013; Tanger et al. 2013; Ragauskas et al. 2014) . To apply these strategies, at least ten gene families coding for the enzymes involved in the biosynthesis of monolignols (q-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol), which are used as the precursors of the lignin subunits, may be manipulated (Fig. 4) . The main reason for these strategies is because it is assumed that the difference in the bonding properties of H, G, and S subunits in cross-linked structure of lignin significantly impacts the conformation of lignin ultrastructure and thus acts as a determining factor in the degree of lignin recalcitrance. Until recently, a number of enzymes have been described, and some of them targeted to create the transgenic plants with the modified lignin contents Ragauskas et al. 2014) . For example, a recent study exemplified that it is possible to obtain lignin with increased ester linkages that are chemically labile by expressing FMT (feruloyl-CoA monolignol transferse) gene in the transgenic poplar trees. This study explains that the FMT expression in the poplar trees might facilitate the incorporation of monolignol ferulate conjugates into lignin backbone, resulting in the elevation of ester linkages. This bioengineering strategy may contribute to tailoring plants for lignin depolymerization that can more favorably affect their conversion processing for production of plant-based chemicals such as hydroxymethylfurfural (Tanger et al. 2013; Wilkerson et al. 2014) . Bonawitz et al. (2014) obtained the transgenic plants containing a novel lignin with high H lignin subunit and greatly reduced recalcitrance by disrupting the mediator complex subunits such as MED5a and MED5b, which are the components of the transcriptional co-regulatory complex and are responsible for dwarfism or abnormal growth development in lipiddeficient mutants. Some other strategies have been applied to several plants such as poplar, switchgrass, alfalfa, miscanthus, Arabidopsis, and eucalyptus to genetically manipulate them for reducing lignin content or changing the composition ratio of monolignol subunits using biosynthetic or controlling genes involved in monolignol pathways for improved recalcitrance (Hisano et al. 2009; Vanholme et al. 2010; Wagner et al. 2011; Ralph et al. 2012; Zhang et al. 2012; Shen et al. 2013; Yang et al. 2013; Tobimatsu et al. 2013) . These engineering approaches could be a promising route applicable to improving the feedstock plants for production of hydroxymethylfurfural. Another important target is to improve cellulose and hemicellulose that comprise the cell walls of lignocellulosic feedstock plants. These polymers are aggregated with lignin, and their structural conformation and physicochemical properties also significantly affect their depolymerization processing as in lignin. In bioengineering the cellulosic feedstock materials, two strategies are suggested. These strategies include enhancing cellulose biosynthesis and reducing cellulose crystallinity . In particular, cellulose crystallinity degree may act as an important factor in thermochemical and enzymatic depolymerization process; because in cellulose crystallization, there is a general acceptance that the lower is the ratio of Ib/Ia phase in its crystalline state, the lower is the degree of crystallinity (Sassi et al. 2000; Lu et al. 2010) . However, because of poor molecular information on the regulatory mechanism of cellulose crystallization in plant cell walls, the subject on its genetic improvement remains to be studied.
Together with lignin and cellulose, hemicellulose is also a major component of plant cell walls and has complex structure comprised of various types of sugar monomers such as xylose, glucose, mannose, galactose, rhamnose, and arabinose. Accordingly, its prime target may be given to modification of sugar composition and alteration of hemicellulose structure to enhance its depolymerization efficiency. For this target, many genes coding for the enzymes involved in hemicellulose biosynthesis are proposed, but only a small number of studies have been reported (Lee et al. 2009; Goujon et al. 2003; Bindschedler et al. 2007 ).
In contrast with lignocellulosic polymers, starch is much less recalcitrant to its depolymerization, and thus starch plants have been introduced as good feedstock sources for production of hydroxymethylfurfural . Moreover, starch is favored over lignocellulosic polymers in the synthetic process of hydroxymethylfurfural due Environ Chem Lett (2015) 13:173-190 181 mainly to its easier dehydration . The main genetic target of starch plants may be directed toward starch quality and quantity because of its economical importance in production of hydroxymethylfurfural from raw starch plant sources Slattery et al. 2000) . In general, starch functionality, which determines physicochemical properties of starch, is significantly affected by the relative proportion of amylose and amylopectin, two types of glucan polymer with different physicochemical properties (Jobling 2004; Ihemere et al. 2006) . For example, some transgenic starch plants with increased amylose were obtained by downregulation of SBEI (starch branching enzyme I), SBEII, or GWD (a-glucan water dikinase) to facilitate their depolymerization process to sugars. Another example is the transgenic starch plants with increased yields of starch by overexpressing the genes for AGPase (ADP-glucose pyrophosphorylase) and adenylate translocator that are responsible for the release of substrates (ADP-glucose) for starch synthases from glucoe-1-phosphate and their transportation into plastids, respectively. Other similar strategies for gene-based technology development toward improving starch quality and quantity are found in some recent reviews Zeeman et al. 2010) . Collectively, the application of plant bioengineering technology to improve the synthetic processing of hydroxymethylfurfural could be a promising potential for enhancing its yields and reducing the recalcitrance of lignocellulosic materials. For the cost-effective production of hydroxymethylfurfural from raw plant feedstocks, this bioengineering technology would be an inevitable challenge because it is possible that the designer plant feedstocks optimized for the purpose are obtainable through the bioengineering technology. A particular interest may be placed on the optimization of lignin levels to mitigate the recalcitrance to its deconstruction.
Potential sources of raw plant feedstocks for production of hydroxymethylfurfural In theory, it is possible that all the plants on earth can be used as the source of raw plant feedstocks for production of hydroxymethylfurfural. However, because their growth pattern and composition vary widely with plant species, their use in chemical manufacturing industry is most likely dependent upon their characteristics, availability, and other factors such as productivity and cost. Although agricultural crop plants are good plant feedstocks because they are the abundant source of C-6 or other sugars easily convertible to hydroxymethylfurfural, their use is avoided due mainly to the lack of global food supply. To cope with this dilemma, many efforts have focused on the use of non-food plants as the materials of raw plant feedstocks such as woody plants, coppice, perennial grasses, and agricultural crop residues (McKendry 2002; Johnson et al. 2007; Montross and Crofcheck 2010; Sommerville et al. 2010 ). In addition, some important environmental impacts such as: land-use change, biodiversity loss due to deforestation and degradation, availability of water use, and disruption of habitat stabilization should be also considered to be liberated from concerns over the disturbance of ecosystems (Azapagic 2014) . On the basis of these environmental concerns and the food supply problem, the most preferred potential plant feedstocks for sustainable production of hydroxymethylfurfural could be the perennial plants that have the photosynthetic pathway of C4 and CAM (Crassulacean acid metabolism) carbon metabolism because they are more tolerable to abiotic stress, which is caused mostly by the environmental stressors such as drought, temperature extreme, and excess water, and can grow in semiarid regions without the systematic farming (Sommerville et al. 2010) . For example, switchgrass, miscanthus, and agave species (Fig. 5 ) may be a good source of raw plant feedstocks because they can grow in semiarid or arid regions where water supply is insufficient Sommerville et al. 2010; Li et al. 2014) . Woody perennials such as poplar and willow can also be the source of raw plant feedstocks because they grow very quickly and have high drought tolerance (Table 4) . On the whole, in terms of type of plant materials for sustainable production of chemical products, the sources of raw plant feedstocks can be classified into three broad categories: raw woody plant feedstocks, raw non-woody plant feedstocks, and agricultural residue feedstocks, as outlined in Table 4 . Most raw woody feedstocks come from forests, whereas the raw non-woody ones and agricultural residues are obtainable from various plant sources (Chareonlimkun et al. 2010; Wang et al. 2011) (Table 4 ). In view of plant physiology, C4 plants have such more favorable features than C3 plants as; lower photorespiration and transpiration rates, higher productivity, lower CO 2 compensation point, and higher CO 2 uptake at higher temperature (30-40°C) (Gowik and Westhoff 2011; Wang et al. 2012) . These physiological advantages of C4 plants are conducive to the survival of plants growing under the environmentally unfavorable conditions. For example, the plants such as miscanthus, agave species, and perennial grasses (Table 4) , which are adapted to the physiological status of lower photorespiration and transpiration rates and lower nutrient requirement, could be the attractive sources for production of hydroxymethylfurfural because they can grow in wild land or semiarid regions without the systematic farming accompanied with farm-running costs (McKendry 2002; Sommerville et al. 2010; Li et al. 2014 ).
Most of the aboveground plant bodies are composed of over 90 % (on dry weight basis) of lignocellulosic polymer materials such as cellulose, hemicellulose, and lignin, which can be used as feeding substrates to synthesize hydroxymethylfurfural (McKendry 2002; Zhang 2013; Dashtban et al. 2014) . These polymers are the major chemical components of plant cell walls and have long complex chemical structures not easy to depolymerize into simple sugars or other monomer molecules that can be converted to their dehydration products (Alonso et al. 2012; Ochoa-Villarreal et al. 2012; Zhang 2013; Dashtban et al. 2014) (Fig. 6) . Cellulose is the most abundant polymer in plant kingdom and more easily convertible to hydroxymethylfurfural than lignin due mainly to its less complexity in its chemical structure and property (Zhang 2013) . Cellulose, a fibrous material, can be depolymerized into glucose monomers, which are C-6 monomer sugars convertible to hydroxymethylfurfural, released by breaking down b-1,4-glycosidic bonds forming a cellulose molecule (Fig. 6 ). Another class of carbohydrate polymer present in plant cell walls is hemicellulose, a branched chain of polysaccharides composed of C-6 (such as galactose and mannose), C-5 monomer sugars (such as xylose and arabinose), and other acidic sugars such as glucuronic and galacturonic acids (Fig. 6) . The principal feeding sources in hemicelluloses for the synthesis of hydroxymethylfurfural are xylose and glucose due to their high contents and easy conversion. The contents of hemicellulose in plants are highly variable, depending on their species, but in woody plant sources, relatively high amounts of hemicellulose are present in twigs, barks, and leaves than stems (Vassilev et al. 2012 ) ( Table 5 ). The third class of polymers present in plant cell walls is lignin polymer, which is a complex polyaromatic polymer formed by phenylpropanoid units with highly branched substituents (Fig. 6) . Because of its structural complexity, the lignin chemical structure is not fully characterized. The dissolubility of lignin in solvents, which significantly affects the reaction efficiency of hydroxymethylfurfural synthesis process from raw plant feedstocks, is dependent on its molecular weight, its structural conformation, its physicochemical properties, and the solvent acidity (Zhang 2013) . On the basis of the chemical and structural properties of the lignocellulosic polymers, their compositional ratio and crystallinity, which are the pivotal natural factors contributing to their digestibility, may be responsible for the recalcitrance property to deconstruction of plant cell walls (Himmel et al. 2007) . A recent report has provided evidence that switchgrass has relatively less recalcitrance than woody plant species such as pine tree and eucalyptus by comparing their digestibility in association with the contents of lignin and hemicellulose. As Potential source of raw plant feedstocks for sustainable production of hydroxymethylfurfural (HMF). These non-food plant sources can be also used for the synthesis of other value-added products. M miscanthus, W woody perennials, R rice straw, S switchgrass, A agave species, C corn stover Environ Chem Lett (2015) 13:173-190 183 such, the choice of plant source and tissue type should be considered as an important factor for high yield of hydroxymethylfurfural because it is assumed that the recalcitrance property and the compositional ratio between lignocellulosic polymers of plant materials (Table 5) can act as a key determinant in their conversion reaction to hydroxymethylfurfural. Accordingly, the plant materials with less recalcitrance at lower lignin content such as herbaceous grasses, stalks, and fiber tissues may be more favorable plant sources for the synthesis of hydroxymethylfurfural because the less recalcitrance can contribute to the enhancement of digestibility of the feeding materials in solvents and thus lead to the increased conversion rates of the synthetic process of hydroxymethylfurfural, finally resulting in its higher yield . As another paramount source for the synthesis of hydroxymethylfurfural from raw plant feedstocks, two plant species, starch-(such as acorn, kudzu, tapioca, taro) and inulin-rich plants (such as chicory, girasol, agave) can be used Yi et al. 2011 Yi et al. , 2012a Yi et al. , b, 2014 . These plants can provide glucose and fructose sugar monomers that can be used as the good starting substrates for hydroxymethylfurfural synthesis because the carbohydrate polymers are composed almost exclusively of glucose (for starch) and fructose monomers (for inulin) (Fig. 7) . These Yi et al. (2013b) C4 and CAM plants have higher photosynthetic efficiency and drought tolerance than C3 plants C3, the plants performing the Calvin-Benson cycle in the dark reaction of plant photosynthesis pathways; C4, the plants performing the C4 carbon fixation reaction in the dark reaction of plant photosynthesis pathways; CAM (Crassulacean acid metabolism), the plants performing the CAM carbon fixation reaction in the dark reaction of plant photosynthesis pathways. Lignocellulosics includes cellulose, hemicellulose, and lignin polymers are contained mainly in root organs as the reserved energy sources for plant growth. These plants may be more preferred plant sources in the synthetic process of hydroxymethylfurfural compared with lignocellulosic sources because the reaction process of the former is much easier and simpler than that of the latter (Chun et al. 2010a; Yi et al. 2013a Yi et al. , 2014 . Starch polymers are composed of two fractions: amylose and amylopectin. Amylose is a linear polymer bonded by a-1,4-glycosidic linkages and soluble in hot water. In contrast, amylopectin is a branched polymer bonded by a-1,4-and a-1,6-glycosidic linkages and water insoluble (Fig. 7a) . Inulin is a linear fructan polymer of fructosyl units linked by b-2,1-glycosidic linkages, and a single glucose moiety is attached at its reducing end (Fig. 7b) . The monomer sugars released by depolymerization of those polymers present in the plant feedstocks can be used as excellent feeding substrates for the synthesis of hydroxymethylfurfural. Accordingly, on the basis of the synthetic process of hydroxymethylfurfural from raw plant feedstocks, it is most likely that the use of these types of plant species may be more preferable to lignocellulosic plant feedstocks because of their much easier synthetic process Yi et al. 2011 Yi et al. , 2012a Yi et al. , b, 2014 . In brief, plants are the carbohydrate reservoir because the plant body is almost composed of carbohydrate polymers such as cellulose, lignin, and hemicellulose polymers. These carbohydrate polymers can be used as the feedstock materials substituted for petroleum-based carbon feedstocks to produce the industrial chemical compounds. Such non-nonfood plant sources as poplar, willow, switchgrass, agave, miscanthus, C4 weed plants, starch plants, and some agricultural residues have great potential in use as raw plant feedstocks because they have some benefits such as fast growth or high drought tolerance.
The application of plant bioengineering technology to improve lignocellulosic materials and starch plants could be a promising potential for enhancing their yields and Data drawn from ref. (Vassilev et al. 2012) Environ Chem Lett (2015) 13:173-190 185 reducing the recalcitrance to their depolymeization to sugars. In particular, for the cost-effective production of hydroxymethylfurfural from raw plant feedstocks, this bioengineering technology could be an inevitable challenge because it is possible that the designer plant feedstocks optimized for the purpose are obtainable through the genetic manipulation tool. A particular interest may be placed on the optimization of lignin levels to mitigate the recalcitrance to its deconstruction by bioengineering the genes for the key enzymes involved in lignin biosynthetic pathways.
Conclusion
Hydroxymethylfurfural is a giant platform chemical because it can be used as a versatile intermediate. This chemical is now classified as one of the ''Top 10'' potentially promising platform chemicals that are derived from biobased materials. Many organic chemicals including biofuels such as dimethylfuran and 5-ethoxymethyl-2-furfural, which can be used as the potential liquid fuels for automotive vehicles, can be synthesized from hydroxymethylfurfural. It is possible to synthesize hydroxymethylfurfural from raw plant feedstocks using ionic liquids, which is classified as green solvents. However, for the mass production of hydroxymethylfurfural, its economical production system is required. Lignocellulosic feedstock plants for production of plantbased chemical products including hydroxymethylfurfural can be genetically modified to improve their quality and quantity by applying plant bioengineering technology. This technology is based on gene manipulation tool and plant transformation system. The most particular interest to biotechnologically improve the feedstock plants for production of hydroxymethylfurfural is given to reduction in the recalcitrance to lignin deconstruction because the lignin recalcitrance can act as the most limiting barrier in the synthetic process of hydroxymethylfurfural. Although the bioengineering technologies making the transgenic plants with much less lignin recalcitrance have been developed, their practical application is not yet introduced for hydroxymethylfurfural synthesis, but it is thought that its feasibility is high.
It is evident that the direct use of raw plant feedstocks for the synthesis of hydroxymethylfurfural is environmentally beneficial and inevitable against depletion of fossil reserves. However, their use should be limited to nonfood plant sources because of importance of their uses for human food and animal feed. Based on these criteria, Fig. 7 Raw starch-rich and inulin-rich plant feedstocks and their conversion process into monomer sugars. Both the starch and inulin granules are easily disrupted and depolymerized into sugar monomers. Then, these monomers can be converted to HMF in ionic liquid solvents with acid catalysts. Inulin is more easily converted to HMF than starch. Adapted from ref. (Yi et al. 2012a (Yi et al. , 2013c the predominant plant sources could be woody plants, herbaceous C4 grasses, or CAM plants growing in semiarid or arid regions such as poplar, willow, switchgrass, agave, miscanthus, and C4 weed plants. Nonetheless, starch-and inulin-rich plants can be the most preferred plant sources particularly for the production of hydroxymethylfurfural because of their much easier process in hydroxymethylfurfural synthesis and its high productivity.
